Screening of fine wet particles or near-aperture particles by traditional screen devices is often not quite effective for sieve plugging. Different from traditional rigid regular mesh sieves, a cantilevered vibrating sieve (CVS) with open screen holes, composed of cantilevered sieve rods, was proposed in this paper. The CVS proved to have a higher screen-penetrating probability relative to traditional sieves. By establishing a bending vibration model for the CVS, it can be found that additional vibrations may emerge during the screen body motion, and a smaller difference between the natural circular frequency and the vibration frequency will achieve a larger vibration of cantilevered sieve rod. On this basis, this investigation also analyzed anti-plugging mechanism of the CVS and systematically discussed the influence laws of the geometric parameters and vibration parameters of the sieve on screening efficiency by the discrete element method.
Introduction
Screening is the most fundamental technological process in coal preparation and metallurgy. In industrial practice, vibration screens are used for particle classification, dehydration, medium draining, and other operations [1] . Screening of fine wet particles by traditional screen devices is often not quite effective because of the existence of thin water film on the surface of fine wet particles. Under the combined action of the liquid bridge force and water film surface tension, adjacent particles cluster together and adhere to the sieve. With the extension of screening time, more and more particles adhere to the sieve, thus eventually forming a cover film that plugs the screen sieve [2, 3] . Moreover, near-aperture particles are close to screen holes in size, so they can very quickly get stuck in screen holes, resulting in sieve plugging [4] . One way of solving this problem is to increase sieve acceleration; however, due to the direct rigid coupling between sieve and screen body, an excessive sieve acceleration inevitably increases the acceleration of screen body, influences its structural strength and fatigue life, and even causes structural damage [5] .
At present, elastic sieves [6] and flip-flow sieves [7] can solve the problem of plugging encountered in the screening of fine wet particles to some extent. Relying on their elastic vibration, elastic sieves may experience a geometric deformation, thus further loosening fine wet particles and cracking the cover film [8, 9] . By contrast, the flip-flow sieve made of elastic polyurethane would engage in reciprocating bending-tensioning motion and has a higher amplitude and acceleration relative to traditional rigid According to the studies on the screening property of vibrating screens, discrete element method (DEM)-based numerical simulation can effectively save physical experiment time and increase analysis efficiency. So far, DEM has been extensively applied on vibrating screens, such as the circular vibrating screen [13, 14] , the linear vibrating screen [15] [16] [17] , the elliptical vibrating screen [18] , and the banana screen [19, 20] . Studies in this field mainly focus on rigid rectangular or circular mesh sieves, which do not deform during screening. When they are utilized to process near-aperture particles or fine wet particles, the plugging may reduce the screening efficiency of vibrating screens [21] .
Based on studies about elastic sieves, and as the cantilevered vibration under foundation displacement excitation is more significant than fixed end vibration, this paper will propose a cantilevered vibrating sieve (CVS), analyze its anti-plugging mechanism and screen-penetrating probability, establish a vibration characteristic calculation model for the anti-plugging mechanism, and investigate its screening performances through the discrete element method.
Construction of a CVS
Traditional vibrating screens mostly contain an enclosed screening hole structure, such as the rectangular screen hole and circular screen hole [2, 18] . In contrast, the proposed CVS is composed of multiple cantilevered sieve rods, which are inserted into the mounting base in parallel to achieve open screen holes, as shown in Figure 1 . The length and diameter of the cantilevered sieve rod are L and q, respectively. The spacing between two adjacent rods is s. Here we consider the property of particles going through the two kinds of screen holes. As illustrated in Figure 2 , for a traditional rectangular screen hole with size of L × H, if a spherical particle with d (d < H < L) in diameter falls into it, it freely passes through the screen hole to be an undersized product. On the other hand, a spherical particle that fails to pass through this screen hole may successfully pass through the next one, or eventually become an oversized product. Thus, for a spherical particle to successfully pass through the screen hole, the center of the falling particle must be within the dashed box in the middle, in which case the area of the dashed box is (L − d) × (H − d).
For the CVS, screen holes are similar to open rectangular holes, which are not subject to the boundary constraint on the right. Thus, the particle falling area that allows smooth screening is also the dashed box in the middle, with an area of (L − 0.5d) × (H − d). Here we consider the property of particles going through the two kinds of screen holes. As illustrated in Figure 2 , for a traditional rectangular screen hole with size of L × H, if a spherical particle with d (d < H < L) in diameter falls into it, it freely passes through the screen hole to be an undersized product. On the other hand, a spherical particle that fails to pass through this screen hole may successfully pass through the next one, or eventually become an oversized product. Thus, for a spherical particle to successfully pass through the screen hole, the center of the falling particle must be within the dashed box in the middle, in which case the area of the dashed box is
For the CVS, screen holes are similar to open rectangular holes, which are not subject to the boundary constraint on the right. Thus, the particle falling area that allows smooth screening is also the dashed box in the middle, with an area of (L − 0.5d) × (H − d). Appl. Sci. 2019, 9, It can be conceived that the number of times of particles penetrating through screen holes is directly proportional to the area. Also, the number of times of particles being fed to screen holes is directly proportional to screen hole area L × H. For this reason, the probability of particles penetrating through screen holes can be determined by the ratio of the two areas:
For traditional rectangular screen holes, the screen-penetrating probability is:
while for the CVS, the screen-penetrating probability is:
In view of the following relationship:
thus, the CVS has a higher screen-penetrating probability relative to traditional sieves, and this fundamentally determines that the CVS can also achieve a high screening efficiency.
Screening Mechanism of Cantilevered Vibrating Sieve (CVS) Based on Motion Characteristics

Motion Characteristics of Cantilevered Vibrating Sieve (CVS)
Any cantilevered sieve rod of the CVS is a thin and long rod with a certain degree of elasticity. Given that the vibration direction of the screen body is not vertical to sieve rods, a tangential additional bending vibration relative to sieve rod section may be very easily yielded in the vibration process from Position A to Position C, as shown in Figure 3 . It can be conceived that the number of times of particles penetrating through screen holes is directly proportional to the area. Also, the number of times of particles being fed to screen holes is directly proportional to screen hole area L × H. For this reason, the probability of particles penetrating through screen holes can be determined by the ratio of the two areas:
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where D is the vibration amplitude and ω is the vibration circular frequency. The included angle between the vibration direction of screen body and sieve rods is α, the sieve inclination angle is β, and thus the vibration direction angle is γ = α − β. The length and cross-sectional area of the cantilevered sieve rod are L and A, respectively. Thus, in the coordinate system xoy of the screen body, the partial differential equation of additional bending vibration y(x,t) is:
where E and ρ are the Young's modulus and the density the rod material, respectively, J is the second moment of the cross-sectional area with respect to the neutral axis. For Equation (4), the additional bending vibration equation of cantilevered sieve rods can be assumed as [22] :
where Yi(x) is the ith-order natural mode of vibration. For constant-section homogeneous rods like the cantilevered sieve rods, the following relationship holds:
where the value of i β is determined by the formula cos
The solution to this nonlinear equation is shown in Table 1 . After substituting Equation (5) into Equation (4) and multiplying both sides of the equation by Yi(x), integration is performed within the range of cantilevered sieve rod length, and the orthogonality of the vibration mode function is used to obtain: Generally, the screening body of a vibrating screen usually oscillates in a simple harmonic motion. Assuming the vibration equation of screen body with respect to time t is y s (t) = D sin ωt, where D is the vibration amplitude and ω is the vibration circular frequency. The included angle between the vibration direction of screen body and sieve rods is α, the sieve inclination angle is β, and thus the vibration direction angle is γ = α − β. The length and cross-sectional area of the cantilevered sieve rod are L and A, respectively. Thus, in the coordinate system xoy of the screen body, the partial differential equation of additional bending vibration y(x,t) is:
where Y i (x) is the ith-order natural mode of vibration. For constant-section homogeneous rods like the cantilevered sieve rods, the following relationship holds:
where the value of β i is determined by the formula cos β i L · cosh β i L + 1 = 0. The solution to this nonlinear equation is shown in Table 1 . After substituting Equation (5) into Equation (4) and multiplying both sides of the equation by Yi(x), integration is performed within the range of cantilevered sieve rod length, and the orthogonality of the vibration mode function is used to obtain:
where ω i is natural circular frequency and determined by:
By substituting Equation (7) and the relationship of α = γ + β into Equation (5), then, during the vibration process of the screen body, the additional bending vibration of a cantilevered sieve rod can be expressed as:
Apparently, according to the analysis of Equation (9), the additional bending vibration of a cantilevered sieve rod is closely related to the length of cantilevered sieve rod L, the sieve inclination angle β, the vibration direction angle γ, the vibration amplitude D and the vibration frequency ω. Such additional bending vibrations along the axial direction of sieve rod have different amplitudes. In addition, when the vibration frequency of screen body closely approaches ω i , namely, the ω 2 i − ω 2 → 0 , the additional bending vibration of cantilevered sieve rod reaches its peak value. Generally, a smaller difference between ω i and ω will achieve a larger vibration of the cantilevered sieve rod. It should be noted that the natural circular frequency with a unit of rad/s above can be converted to be the natural frequency with unit of Hz by multiplying 2π.
Anti-Plugging Mechanism of Cantilevered Vibrating System (CVS)
As analyzed above, the CVS has a higher opening rate and fewer constraints to sieve rods compared to traditional vibration screens. Besides this, if the screen body is manually set to oscillate at a vibration frequency around the natural circular frequency of cantilevered sieve rod, a large additional bending vibration will be produced to eject the plugging material on the sieve. Hence, the anti-plugging mechanism of a CVS can be summarized and is displayed in Figure 4 . During a material feeding process, the oversized product hits against the sieve rods when moving along the sieve rods from the feeding end to the discharge end. Such impact induces an external outward pull to crack the clusters of wet-sticky particle swarm. Moreover, the cantilevered sieve rods may also experience a longitudinal shift to yield a larger space for near-aperture particles rubbing motion. This further accelerates the subsidence and lateral motion of particle then reduces the sieve plugging.
additional bending vibration will be produced to eject the plugging material on the sieve. Hence, the anti-plugging mechanism of a CVS can be summarized and is displayed in Figure 4 . During a material feeding process, the oversized product hits against the sieve rods when moving along the sieve rods from the feeding end to the discharge end. Such impact induces an external outward pull to crack the clusters of wet-sticky particle swarm. Moreover, the cantilevered sieve rods may also experience a longitudinal shift to yield a larger space for near-aperture particles rubbing motion. This further accelerates the subsidence and lateral motion of particle then reduces the sieve plugging. 
Establishment of Screening Simulation
In order to investigate the influence of geometric parameters and vibration parameters on the screening efficiency of the CVS, this investigation performed a numerical simulation of the screening process under various conditions, such as different length of cantilevered sieve rod, sieve inclination angle, vibration direction angle, vibration amplitude, and vibration frequency. These influence factors are common in studying screening properties of other kinds of vibrating screen in [1] [2] [3] 5, 6, [13] [14] [15] [16] [17] [18] [19] [20] .
In this investigation, all the simulations were conducted by the commercial Discrete Element Method (DEM) software named EDEM (Version 2.7). Figure 5 shows the CVS model used in the simulation. The diameter of cantilevered sieve rods (d) is 6 mm, the spacing between two adjacent rods (s) is 16.5 mm, which means the screen hole size is s − d = 10.5 mm. Besides this, the density of coal and cantilevered sieve rod, the Poisons ratio, the Young's modulus of coal and cantilevered sieve rod, and the restitution coefficient, sliding friction coefficient, rolling friction coefficient, and the simulation time step are all the same as those in Reference [18] .
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 13
In this investigation, all the simulations were conducted by the commercial Discrete Element Method (DEM) software named EDEM (Version 2.7). Figure 5 shows the CVS model used in the simulation. The diameter of cantilevered sieve rods (d) is 6 mm, the spacing between two adjacent rods (s) is 16.5 mm, which means the screen hole size is s − d = 10.5 mm. Besides this, the density of coal and cantilevered sieve rod, the Poisons ratio, the Young's modulus of coal and cantilevered sieve rod, and the restitution coefficient, sliding friction coefficient, rolling friction coefficient, and the simulation time step are all the same as those in Reference [18] . The screening material is coal particle. Based on the screen hole size, this investigation sets six different coal particle sizes, and their corresponding mass ratios are shown in Table 2 . The mass of the coal particles whose sizes are smaller than the screen hole size accounts for 81.4% of the total mass. 
Analysis of Simulation Results
After setting material attributes and motion parameters, this investigation conducted the screening simulation, as shown in Figure 6 , and analyzed the numerical data from each group. The screening material is coal particle. Based on the screen hole size, this investigation sets six different coal particle sizes, and their corresponding mass ratios are shown in Table 2 . The mass of the coal particles whose sizes are smaller than the screen hole size accounts for 81.4% of the total mass. 
After setting material attributes and motion parameters, this investigation conducted the screening simulation, as shown in Figure 6 , and analyzed the numerical data from each group.
To evaluate the screen property, the overall screening efficiency of the CVS from the simulation results was calculated by the following formula [20] :
where η is the screening efficiency, m is the mass of the undersized product, M is the total mass of the raw coal material, and λ is content of coal materials whose particle sizes are smaller than screen hole size.
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Influence of Geometric Parameters on Screening Efficiency
Influence of Vibration Parameters on Screening Efficiency
In studying the influence of vibration parameters on screening efficiency, the geometric parameters were fixed to be: the sieve inclination angle β = 0° and the length of cantilevered sieve rod L = 380 mm. On the condition that the vibration amplitude D = 2 mm and the vibration circular frequency ω = 16 Hz, this investigation also analyzed the screening efficiency when the vibration direction angle was in the range of 30°-65° ( Figure 9 ). Obviously, when the vibration direction angle is within this range, the screening efficiency has no significant differences and lies between 56% and 68%. The screening efficiency reaches its maximum of 68.02% at 45°, and then begins to drop abruptly when the angle increases. Screening efficiency sieve inclination angle(º ) 
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The screening efficiency reaches its maximum of 68.02% at 45 • , and then begins to drop abruptly when the angle increases.
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The screening efficiency is also affected by the vibration amplitude, as shown in Figure 10 . Clearly, within a small range, the increase of amplitude improves the screening efficiency with β = 0°, L = 380 mm, ω = 16 Hz, and γ = 40°. When the amplitude is 2 mm, screening efficiency reaches its maximum value of 68.76%. However, a further increase in the amplitude causes screening efficiency to drop abruptly. The increase of amplitude within a small range mainly influences the bouncing of particles and increases screening efficiency to some extent. However, when the amplitude exceeds 4 mm, particles are seriously thrown out of the working area, and screening efficiency declines. The screening efficiency is also affected by the vibration amplitude, as shown in Figure 10 . Clearly, within a small range, the increase of amplitude improves the screening efficiency with β = 0 • , L = 380 mm, ω = 16 Hz, and γ = 40 • . When the amplitude is 2 mm, screening efficiency reaches its maximum value of 68.76%. However, a further increase in the amplitude causes screening efficiency to drop abruptly. The increase of amplitude within a small range mainly influences the bouncing of particles and increases screening efficiency to some extent. However, when the amplitude exceeds 4 mm, particles are seriously thrown out of the working area, and screening efficiency declines.
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Conclusions
(1) The proposed cantilevered vibrating sieve (CVS) is composed of cantilevered sieve rods. During the screen body oscillations, the sieve may experience additional bending vibrations. When the vibration frequency of screen body closely approaches the natural frequency, the additional bending vibration of cantilevered sieve rod reaches its peak value, and different amplitudes exist in the cantilevered rod from its fixed end to the free end. (2) The CVS has a higher screen-penetrating probability than the traditional sieves, and the bending vibration of cantilevered sieve rod can crack the clusters of wet sticky materials on the sieve, cause near-aperture particles to experience rubbing motion, and then reduce sieve plugging. Figure 11 . Screening efficiencies of a cantilevered vibrating sieve (CVS) for different vibration frequency.
(1) The proposed cantilevered vibrating sieve (CVS) is composed of cantilevered sieve rods. During the screen body oscillations, the sieve may experience additional bending vibrations. When the vibration frequency of screen body closely approaches the natural frequency, the additional bending vibration of cantilevered sieve rod reaches its peak value, and different amplitudes exist in the cantilevered rod from its fixed end to the free end. (2) The CVS has a higher screen-penetrating probability than the traditional sieves, and the bending vibration of cantilevered sieve rod can crack the clusters of wet sticky materials on the sieve, cause near-aperture particles to experience rubbing motion, and then reduce sieve plugging. (3) According to DEM analysis of the effect of the geometric parameters and vibration parameters of the sieve on screening efficiency, with the increase of sieve inclination angle and rod length, screening efficiency has a declining trend. Screening efficiency is at a high level under vibration direction angle of about 50 • , vibration frequency of 25-30 Hz, and amplitude of about 2 mm.
